The stress relief behaviour of diamond-like carbon (DLC) films on glass substrates was investigated. The r.f.-plasma-enhanced chemical vapour deposition method was used for the deposition with variable negative bias voltages of the cathode from -100 to -700 V. Beyond a critical thickness of the film, film delamination starts to occur after its removal from the reaction chamber. In addition to the previously observed stress relief morphologies, sinusoidal cracking and sinusoidal removal of the film are also observed. The stress relief morphology is dependent on the film thickness and the negative bias voltage. The measured wavelength of sinusoidal buckling increases with both increasing film thickness and increasing negative bias voltage. This behaviour is qualitatively consistent with a phenomenological equation derived by Nir. It was suggested that the elastic modulus of the DLC film can be calculated using the dependence of the wavelength of sinusoidal buckling on the film thickness and the negative bias voltage.
Introduction
Since the first report of Aisenberg and Chabot [1] , diamond-like carbon (DLC) films have attracted considerable interests owing to their unique combination of properties. Among the important properties of these films are high hardness, low coefficient of friction, chemical inertness, optical transparency and high electrical resistivity. The unusual combination of these properties has stimulated studies on various applications such as optical coatings, high endurance, low friction coatings and diffusion barriers for electronic components [2] [3] [4] [5] . However, it is well known that typical films have high intrinsic compressive stresses of up to 10 GPa, which result in the delamination of thick films from their substrates [6] . Therefore the large compressive stress has been one of the obstacles to the application of DLC coatings.
The stress relief behaviour of DLC films has been reported to have the characteristic morphology of sinusoidal buckling propagation. In 1979 Weissmantel and co-workers [7, 8] first reported sinusoidal stress relief patterns of DLC films on glass and NaC1 substrates. Their study was, however, limited to the observation itself. Later, Nir I-9] investigated the shapes of stress relief patterns such as sinusoidal buckling, straight cracking, strings of beads and cracking after buckling with theoretical analysis based on the linear theory of thin plates. Nir reported the qualitative dependence of the dimension of the buckling patterns on the film thickness. However, the effects of the film thickness and film properties on the stress relief morphology were not fully investigated. Although additional observations were made on the stress relief behaviour of DLC films [10] , thorough investigations based on in-depth observations have not yet been reported.
We have studied the stress relief behaviour of DLC films on glass substrates. The object of this study was to investigate a relationship between the stress relief morphology and the process parameters. The negative bias voltage on the cathode is one of the most important process parameters in r.f.-plasma-enhanced chemical vapour deposition (r.f.-PECVD) that determines the ion energy and thus the film structure and properties [-11] . Hence the stress relief behaviour of DLC films was investigated in terms of the variation in the negative bias voltage. The changes in stress relief morphology with increasing film thickness are also illustrated in this paper.
Delamination of compressively stressed films by buckling or cracking is a common phenomenon of many metallic and ceramic films [12] . Recently, sinusoidal stress relief patterns were also reported in a model experiment of a mica film on A1 [13] . In the case of a DLC film deposited on a glass substrate, both the film and the substrate are elastically isotropic amorphous phases, which offers the simplest case for a theoretical treatment. Hence investigations on the buckling behaviour of DLC films on glass substrates will help us to extend our understanding of this general phenomenon. experimental set-up is shown in Fig. 1 . The electrode is water-cooled stainless steel, 12.5 cm in diameter, on which the substrates to be coated are placed. The discharge is sustained by 13.56 MHz r.f. power supplied to the electrode via a matching network. In order to confine the glow discharge, the electrode is surrounded by a ground shield which is extended to the gas supply ring.
A precleaned slide glass (Corning 2948) of size 25 mm × 75 mm was used as the substrate. In order to measure the film thickness, part of the slide glass was masked by a cover glass. The film thickness, which is the height of the step formed by the mask, was measured by an Alphastep profilometer. The chamber was evacuated to 10 -5 Tort by a turbomolecular pump. Before deposition the substrate was cleaned in situ by an Ar discharge at -400V and 3 x 10 -3 Torr for 15min. Methane was then supplied at a fixed flow rate of 8 sccm (standard cm 3 min-1). The deposition pressure, measured by a capacitance manometer, was 9 x 10 -3 Tort.
The negative bias voltage was varied from -100 to -700 V by adjusting the r.f. power supply. Depending on the negative self-bias voltage, deposition was performed for 5-180 min. The stress relief behaviour was observed by an optical microscope. Because buckling propagation occurs over a time interval of the order of minutes, in situ observation under the optical microscope was possible. However, the microstructures shown in this paper were taken about 1 month after the deposition and thus show the stabilized morphology.
In order to measure the stress of the film, thin Si(100) wafers about 200 gm thick were used as the substrates. The stress was calculated from the equilibrium equation of bending plates [14] :
where a is the stress in the film, D, E and v are the thickness, elastic modulus and Poisson ratio of the substrate respectively and r and h are the radius of curvature of the film substrate composite and the thickness of the film respectively. The curvature of the film substrate composite was measured by the laser reflection method. A value of 1.8 x 10 2 GPa was used for E/(I -v) of the Si substrate. The thickness of the substrate was measured by scanning electron microscopy (SEM). Films with a minimum thickness of 1.5 gm were used for the measurements. The stresses in the deposited films were independent of the thickness. The error in the stress measurement is estimated to be at most 10%.
Results and discussion
The deposited films display high hardness, transparency and low friction coefficient typical of DLC films. The colours of the films range from pale yellow at low negative bias voltage to dark brown at high negative bias voltage. The total hydrogen content of the film was measured by combustion element analysis of carbon, hydrogen and nitrogen [15] . The hydrogen content ranges from 32 at.% at -700 V to 42 at.% at -100 V. For thin films where delamination does not occur at all or occurs only slowly, the thicknesses of the films can be determined by measuring the step heights. The film thickness is linearly proportional to time in these films, showing that steady state deposition is achieved. The absence of a colour fringe in the film and the film thickness measurement show that our film has a uniform thickness. Figure 2 shows the dependence of the deposition rate on the negative self-bias voltage. The rate is linearly proportional to the negative bias voltage within the range from -100 to -700 V. For thick films where delamination occurs rapidly, thickness determination by measuring the step height was impossible. In these cases the film thicknesses were estimated from the deposition rates and deposition times.
At or beyond a certain critical thickness, delamination of the film starts to occur after its removal from the reaction chamber. As in previous observations [93, buckling starts from the specimen edges or defects and is enhanced by high humidity. Figure 3 shows a typical microstructure of the stress relief patterns: sinusoidal buckling, branching, a string of beads which develops from a straight crack, and sinusoidal cracking. Each mode is indicated by the numbered arrow-heads in Fig. 3 .
The sinusoidal buckling propagates in a random direction; this is a natural consequence of the isotropic to propagate. Figure 4 shows a high magnification microstructure of a sinusoidal crack from which buckling waves are propagating. In situ observation shows that the sinusoidal crack occurs along the highest line of the sinusoidal buckling. The wavelength of this crack is thus identical.to that of the sinusoidal buckling waves. As the film thickness increases, the delamination mode changes from mainly sinusoidal buckling at first, then to a mixture of buckling and cracking and finally to mainly cracking. During the initial stage of delamination, however,the sinusoidal buckling is dominant in all cases. For thicker films, cracking occurs as the delamination process takes place. Figure 5 shows the dependence of the delamination morphology on the film thickness for negative bias voltages of -100 and -500 V. Except for the dimensions of sinusoidal buckling and sinusoidal cracking, their behaviours are identical. Figures 5(c) and 5(d) show that the sinusoidal cracking is mixed with sinusoidal buckling, which is coarsened after it covers the whole area of the specimen. However, the cracking morphologies of thicker films are different from each other as shown in Figs. 5(e) and 5(f). For the -100 V sample, sinusoidally buckled regions of the film are removed,from the substrate. However, for the film formed at higher negative bias voltage, delamination occurs as random cracks with buckling between them. These random cracks occur along the boundary of sinusoidal buckling as ,can be seen from in situ observations. Some broken film is also observed to be removed from the substrate. ,
We have measured, the wav.elength and amplitude of sinusoidal buckling with respect to the film thickness for various values of negative bias voltage. The ratio of the wavelength to the amplitude is about 4 regardless of the Fig. 3 . MicrostructUre of a typical stress relief morphology in DLC films deposited at a negative bias voltage of -300 V for 45 min: I, sinusoidal buckling; 2, branching; 3, string of beads; 4, straight cracking; 5, sinusoidal cracking. stress in the film. Furthermore, the amorphous substrate cannot be expected to .play any role in constraining the propagation direction. The parallel sinusoidal buckling on a glass substrate observed by both Weissmantel and co-workers [7, 8] and Nir [9] cannot be observed in the present work. As for the parallel buckling waves, the presence .of anisotropic internal stress might be the reason, as Nir points out [9] . However, the present result shows that the sinusoidal buckling is inherent to the compressively stressed film regardless of the existence of anisotropic internal stresses.
In addition to the straight cracking and string of beads which were previously reported [93, sinusoidal cracking is also frequently observed (arrow-head 5 in Fig. 3) . From this crack, additional buckling waves start film thickness or the negative bias voltage. The results 4 of wavelength measurements are compiled in Fig. 6 .
,-~ (Zero wavelength in Fig. 6 means that no delamination can be observed.) Beyond the critical film thickness at ~ 3 which the delamination starts, the wavelength increases as the film thickness and the negative bias voltage are k.. increased. The critical film thickness for the buckling to 2 start also increases with increasing negative bias voltage. The rate of increase in the wavelength with respect to .>--the film thickness is linearly proportional to the negative o~ bias voltage as shown in Fig. 7 .
~. 1 The film structure and properties are dependent on E o the negative bias voltage which determines the ion o energy on the substrate [11] . One example is the com-0 pressive stress of the film. Figure 8 decreasing negative bias voltage. However, the adhesion of the film on the substrate also depends on the ion energy, because the ion energy determines the degree of intermixing at the interface between the film and the substrate [16] . Therefore both the film adhesion and the film properties should be taken into account to explain the dependence of the delamination behaviour on the negative bias voltage. The variation in the critical film thickness with negative bias voltage and the difference in cracking behaviour of thick films as shown in Fig. 5 should be explained in terms of both the variation in the film adhesion and the elastic energy due to the internal stress of the film. As in previous work [9] , it was observed that on blowing humid air onto the specimen, the sinusoidal buckling occurs at a higher propagation rate than in an ordinary atmosphere. However, it was impossible to measure the propagation rate quantitatively, because the sinusoidal buckling occurs rapidly. However, the wavelength was observed to be constant regardless of the propagation rate. Even though the delamination mechanism is not fully investigated in the present work, this observation suggests that the humidity affects only the film adhesion but not the wavelength of the sinusoidal buckling, because the adhesion should be significant to the propagation rate. It can be further assumed from this observation that the effect of the change in adhesion is not significant to the wavelength. If the wavelength is dependent on the film adhesion, the humidity that changes the film adhesion would also affect the wavelength. With this assumption, the wavelength measurement with respect to the negative bias voltage was used to identify the mechanical properties of the film.
Nir [9] has analysed the sinusoidal buckling behaviour using the linear theory of plates. Even though the analysis cannot offer an explanation of the origin of the sinusoidal buckling. Nir's phenomenological equation, eqn. (11) 
q' k Hence, by inserting eqn. (2) into eqn. (7) of ref. 9 and rearranging it, one can obtain
where E is the elastic modulus of the film, v is the Poisson ratio, a is the internal stress and h is the film thickness. Since the amplitude is about one-quarter of the wavelength regardless of the deposition condition,
] --y2 3a can be obtained. This equation shows that the wavelength of sinusoidal buckling is proportional to the film thickness and is inversely proportional to the square root of the stress. As can be seen in Fig. 8 , the internal stress is inversely proportional to the negative bias voltage. The observed buckling behaviours with respect to the negative bias voltage and the film thickness are hence qualitatively consistent with this equation. For films thicker than 0.1 gm the stress of the film is generally independent of the film thickness [12] . Hence the rate of increase in the wavelength with respect to the film thickness, d2/dh, is proportional to the square root of E/(l-v2)a. Using the data of Figs. 7 and 8, the elastic constant El(l-v:) was estimated to increase with increasing negative bias voltage from 2232 GPa at -300 V to 3571 GPa at -700 V. Because the Poisson ratio is positive, these values are the lower limits of the elastic modulus E. The elastic moduli of metals, carbides and nitrides are of the order of 10 2 GPa [17, 18] . The elastic modulus of diamond is about 900 GPa [17] . The estimated elastic modulus of DLC films is almost one order of magnitude higher than those of other materials and two to four times larger than that of diamond.
Even though elastic modulus data of DLC films have not yet been reported, these calculated values are thought to be overestimations as deduced from the values of other ceramic materials. The errors in the measurement of the stress, the wavelength and the film thickness cannot explain this large disagreement. One possibility is that the previous theory was based on the thin plate having free surfaces on both sides, while the DLC film is deposited on the substrate. Hence a part of the elastic energy should be dissipated during the separation of the film from the substrate. The previous theory did not consider this elastic energy dissipation. A more elaborate theory is thus needed for the quantitative analysis.
Conclusions
The most significant result shown in this paper is that the stress relief behaviour is sensitive to the film properties as well as the film thickness. The wavelength of sinusoidal buckling of DLC films on glass substrates was found to be dependent on process parameters such as the negative bias voltage in r.f.-PECVD. The simple elastic theory of a thin plate under isotropic compressive stress [9] was applied to describe the behaviour in terms of the film thickness and film properties. The buckling behaviour can be well described by this phenomenological expression in a qualitative manner.
The possibility of measuring the mechanical properties of DLC films using their stress relief behaviour was suggested in this paper. Using the phenomenological equation derived by Nir [9] , the elastic modulus of DLC films was estimated to be of the order of 10 a GPa. However, this value is unlikely to be reasonable, because the elastic moduli of other ceramic materials, including diamond, are one order of magnitude lower. Since the previous theory did not include the effect of adhesion between the film and the substrate, the quantitative analysis needs a more elaborate theory on the sinusoidal buckling of the film.
